Abstract-In this paper, design and fabrication of a quadband microstrip bandpass filter (BPF) using multi-layered stepped impedance resonators (SIRs) structure is proposed. One pair of SIR on the top layer is designed to operate at the 1st and 3rd passbands (1.56/3.57 GHz), and the other pair is at 2nd and 4th passbands (2.42/5.23 GHz) by tuning the impedance and length ratios of the SIRs. In order to find the desired coupling location between the SIRs located on different layers and the input/output (I/O) lines, the voltage, current and power wave on the I/O lines are analyzed. It is verified that the proposed quad-band filter has good passband performances with an excellent isolation between adjacent bands for GPS, WLAN, and WiMAX applications.
INTRODUCTION
Recently, multi-service wireless communication systems, such as the applications of global positioning system (GPS), wireless local area network (WLAN), and IEEE 802.16 worldwide interoperability for microwave access (WiMAX) are well developed [1] [2] [3] [4] . Therefore, multiband bandpass filters (BPFs) have gained much attention due to the key component in the RF front end. Methods to design the dualband BPF are well developed and reported [5] [6] [7] [8] 15] . However, only a few methods for quad-band bandpass filters have been reported till now [9] [10] [11] [12] .
Negative-refractive-index transmission-line (NRI-TL) metamaterials are used to realize a quad-band BPF [9] , by varying the parameters of the NRI-TL. Coplanar waveguide (CPW)-fed dual-mode double-square-ring resonators were used for the quad-band filter [10] , by tuning the perimeter ratio of the square rings. However, the parameters of the above design are too complex, and the circuit sizes are large. Half-wavelength coupled uniform impedance resonators (UIRs) and defected ground structures (DGSs) on the ceramic substrate using a screen-printing technique were used for a quad-band filter [11] . However, the use of DGSs would disturb the signal integrity on the ground plane for package, and the design freedom would be limited. The challenges for circuit designers to design a quad-band BPF are to achieve compact size and good passband selectivity simultaneously. As known, conventional stepped impedance resonators (SIRs) can shift the higher order resonant mode to the desired frequency, thus the SIRs are suitable for a wide stopband, an ultra-wide band (UWB) or a multi-band use [12] .
In this paper, we propose a new quad-band filter using multilayered SIRs structure, designed at 1.56/2.42/3.57/5.23 GHz for the combination of GPS (1.575 GHz), WLAN (2.4/5.2 GHz), and WiMAX (3.5 GHz) applications.
The quad-passbands are determined by properly tuning the dimension of the SIRs. It is verified that the proposed BPFr has a compact circuit size and good passband selectivity due to use of multi-layered structure. In the first steps, the resonant modes of the SIRs are analyzed and the dimension selection of the SIRs is discussed. In the second steps, the voltage, current and power wave on the input/output (I/O) lines are analyzed in order to fine the desired coupling location between the SIRs located on different layers and I/O lines. Finally, the designed BPF is fabricated and measured. 
DESIGN PROCEDURES
The three dimensional view of the proposed quad-band BPF is shown in Figure 1(a) , and the configuration of the top and middle planes for the SIRs is shown in Figure 1 (b). In this structure, the I/O line is on the top layer. The pair of the SIR on the top layer is designed for the first and third passbands (1.56/3.57 GHz), and the pair of the SIR on the middle layer is designed for the second and fourth passbands (2.42/5.23 GHz). The multilayered substrate is constructed by stacking two Duroid 5880 substrate with a dielectric constant ε r of 2.2, and a loss tangent of 0.0009.
To obtain the quad-band response, higher order modes of the SIR shall be discussed and shifted to the desired frequencies. Figure 2(a) shows the configuration of the SIR. θ 1 and θ 2 are the electrical lengths of the high impedance Z 1 and the low impedance Z 2 , respectively. The impedance ratio (K) and length ratio (α) are defined as K = Z 2 /Z 1 and α = 2θ 2 /θ t = θ 2 /θ 1 + θ 2 ), respectively. The input admittance Y in of the SIR can be derived as [13] [14] [15] Therefore, the coupling properties of SIR 1 and SIR 2 will be discussed on the top and middle planes individually for the optimal quad-band performance.
In order to fine the desired coupling location between the SIRs located on different layers and I/O lines, the electromagnetic (EM) properties on the I/O open-end transmission line are simulated. For SIR 1 on the top layer, the I/O terminated lines have characteristic impedance Z 0 = 117 Ω (W = 1 mm) and length L = 45.29 mm (around 0.32λ g , where λ g is the guided wavelength at the 1.575 GHz). Based on the transmission line theory, voltages, currents, and impedances are varied in magnitude and phase over the length for plane wave propagation [16] . Once the terminated lines assume as lossless, the voltages, currents, and impedances on the open-ended line are expressed as
where β represents the phase constant of the traveling waves. According to (2) , (3), and (4) computed and simulated [17] . The normalized voltages, currents, and impedances at the first, second, and third resonant frequencies, 1.57, 3.5, and 6 GHz, along the open-ended terminated lines are shown in Figure 3(a) . The desired fundamental and third passbands for GPS and WiMAX applications can be achieved by impedance and electrical length ratio of the SIR 1. When resonating, there is a weakest coupling point at n × λ/2, and n = 1, 2, 3, . . . , λ is the wavelength at resonant frequency, to create a high impedance region around itself on the open-end I/O lines. However, an unwanted third harmonic excites at 6 GHz and will regard the performance significantly for a quad-band performance. In order to overcome this issue, the coupling region L C1 must be designed to cover the high impedance region, and the position of SIR 1 versus I/O lines should be selected properly. Besides, the optimal coupling region L C3 of SIR 2 on the middle layer can be obtained based on prior research [15] for dual-band performance without the spurious responses. It is known that the external quality factor is proportional to the coupling coefficient inversely. In views of the performance, the coupling region L C3 (i.e., heavy gray portions in Figure 3(b) ) of the SIR 2 versus I/O microstrip lines is selected by optimizing the coupling coefficient magnitude. Figure 3(b) shows the absolute square value of the normalized voltages and currents over the I/O microstrip lines at 2.4 and 5.2 GHz on the middle layer by using (2) and (3). The electric and magnetic coupling coefficients for the defined coupling regions L C3 of SIR 2, i.e., between z 21 and z 22 , can be expressed:
and
where C is a positive constant. Therefore, we can recommend the magnitude of the coupling coefficient in the defined coupling region L C3 by integrating |V | 2 and |I| 2 form z 21 to z 22 in Figure 3(b) . Since the electric and magnetic coupling coefficients are out of phase, the total coupling coefficient has a minimum integration when the coupling region is at the middle of L. Besides, a shorter coupling region L C1 causes a larger external quality factor but a degraded coupling strength. Therefore, we can estimate the proper coupling L C3 to the required performance. In this example, L C3 can be decided as 16.4 mm when the center of SIR 2 is set at the middle of L on the middle layer. Figure 5 shows the current distributions of the proposed filter at 1.56, 2.42, 3.57 and 5.23 GHz. It is verified that the EM waves are transmitted in the filter from port 1 to port 2. Thus, once the strip length is altered, the EM field on the line will be varied, and the coupling region has to be redefined further in the new length. Furthermore, it should be noted that two SIR pairs overlap vertically or do not disturb the signal integrity on the ground plane. Figure 6(c) shows the stacked simulated frequency responses of SIR 1 on the top layer and SIR 2 on the middle layer individually. The simulated insertion losses |S 21 | are 0.65/1.3/1.3/1.9 dB, for the four passbands of the two layers. Compared with the simulated results of the multi-layered structure (|S 21 | = 0.65/1.65/1.37/1.98 dB), the deviation caused by the two SIRs sharing the coupling energy of I/O lines over the overlapped region simultaneously is small enough which can be ignored. Two SIRs may be separated by different vertical axes to avoid the disturbance, but the overall size will be increased. Consequently, there is a spacing of 3.6 mm between SIR1 and SIR 2 in this example. Figure 7 (c). Two transmission zeros can be obtained at 1.11 and 3.21 GHz, thus the band isolations are 30 dB, 50 dB and 45 dB between adjacent passbands. The measured results actually verify the possibility of the proposed design concept. The proposed quad-band filter with multi-layered structure shows compact size and good passband selectivity comparing with other reported structures [9, 10] , as shown in Table 1 . The filter has slightly higher insertion losses than others. It is believed that the stacked substrates have an air gap due to home-made fabrication deviation, causing higher insertion losses and can be improved when using more precise technology in the factory.
RESULTS AND DISCUSSION

CONCLUSIONS
We have proposed a new quad-band filter using multi-layered SIRs structure, designed at 1.56/2.42/3.57/5.23 GHz for the combination of GPS (1.575 GHz), WLAN (2.4/5.2 GHz), and WiMAX (3.5 GHz) applications. The quad-passbands are obtained by properly tuning the dimension of the SIRs. The voltage, current, and power wave on the I/O lines are analyzed to find the desired coupling location between the SIRs located on different layers and the input I/output O lines. The measured results for four passbands have the 3-dB fractional bandwidth (FBW) of 13/4.3/4/2.9%, the insertion loss (|S 21 |) of 1.1/2.5/2.5/2.8 dB and the return loss (|S 11 |) of 16/12/13/12.5 dB, respectively. Moreover, the proposed filter has a compact circuit size and good passband selectivity due to the use of multi-layered structure, compared to the other reported structures.
